ABSTRACT Eight insecticide experiments were conducted in 7 localities of Côte d'Ivoire to study the feasibility of developing a reliable model of crop losses of maize caused by stem borers based on damage assessment during the growing cycle. The observed damage was the percentage of , tunneled internodes and the percentage of dead-hearts 80 d after seeding emergence. Five trials were used to fit the model; the remaining 3 were used to validate it. Sampling throughout the growing cycle revealed that only 2 borer species were involved: Busseoh f;scu (Fuller) (Lepidoptera: Noctuidae) and Elduna. sacchurina Walker (Lepidoptera: Pyralidae) , Dead-hearts were mainly caused by the 1st species, whereas the tunneled internodes resulted from the presence ofboth pests. The model, which is aimed at estimating crop losses after damage has occurred, explained 81% of' the variation in yield. The validation study showed that the model enabled aprediction ofyield within a range of approximately +lo% at different localities and under different infestation conditions. ,
is primarily restricted to the forest area ( Fig. 1 ) (Moyal1988), attacks maize during the Ist part of the growing cycle, before male flowering, E. sacchurina, which attacks maize in the whole of Côte d'Ivoire, is primarily injurious in the central and eastern regions of the country (Moyall988). Generally, this pest attacks maize during the 2nd part of the growing cycle (from the beginning of grain filling), but in some rare instances it is found attacking maize shortly after seedling emergence.
The influence of B.@ca on maize yield was studied in eastern and southem Africa as well as in western Africa, in Nigeria (Walker 1960 , Usua 1968 , Van Rensburg et al. 1988a -c, Assefa et al. 1989 . Studies on the effect of E. saccharina on maize yield have also been carried out in Nigeria (Bosque-Pérez and Mareck 1991) . In Côte d'Ivoire, Moyal (1996) developed a model of crop losses of maize caused by these 2 pests based on the number of borers per stem estimated several times throughout the production cycle. The purpose of our study was to examine the feasibility of developing a reliable model for predicting regional crop losses after borer attack has occurred, based on a single damage assessment (percentage of tunneled 1984) or in randomized complete-block designs (the C other trials). The number of replicates ranged from 4 to 7, depending on the trials. In the split-plot experiments, the 1st factor was maize variety (2 levels): the O 1st variety was 'Composite Jaune de Bouaké', a loo-d ~ growth cycle composite that is the most commonly n used variety in Côte d'Ivoire ( CIDT 1984) . It produces male flowers between 45 and 50 d after emergence and 2 was the one used in the other trials as well. The 2nd variety used in the split-plots was 'Ferké 7526', which has a growing season =lo d shorter and a potential yield of 6,700 kglha. The 2nd factor, insecticide treatments, consisted of no protection at all (control), complete protection throughout the growing season (plots sprayed every 10 or 14d) ,protection either only during the 1st part of the growing season or only during the 2nd part. Various insecticides were applied at different doses and timing. Some treatments were present in all the trials: control, systematic spray every 10 d with deltamethrin 12 g (AI) I ha, and deltamethrin 15 g (AI) /ha 20 and 40 d after seedling emergence.
a " yields at best 6,200 kg/ha (Idessa 1982) . This variety 2 0 O (Chabalier 1985) .
Two different ways of estimating borer damage 80 d after seedling emergence were used. First, a visual estimation of the number of plants with dead-hearts in each plot was done o n the central row, which was afterward used to estimate yield. Second, the percentage of tunneled internodes was assessed through dissection of 5 plants per plot, which were sampled at random from the 2 rows on each side of the central row, The same samphg methods were used more frequently (every 20 d ) to monitor borer populations so that it was possible to relate the observed damage to borer species and abundance. This fairly low sample size (2%) was chosen to prevent a too large reduction in plant density, which could have changed the attractiveness of the crop to the pest and the relationship between damage and yield (Moyal1995a).
The central 20 m of the middle row in each plot were harvested. Cobs were dried and shelled, and the weight of the grain yield was estimated. Grain moisture content after drying, measured with a multigrain moisture tester (Dickey-John, Auburn, IL), was -17.0% and it was adjusted in the analyses to a common moisture of 15.5%.
Statistical (coding = -I), the 2nd 'Ferké 7526' (coding = I ) , and the blocks were ordered from the one with the highest soil potential to the one with the lowest soil potential. These contrasts are chosen by default when coding factors with the software used to perform these analyses, S-plus (release 3.0) (Becker et al. 1988, Chambers and Hastie 1992) . Plots of model residuals were constructed to ensure that the model assumptions (residual homoscedasticity and normality) were not violated (Chatterjee and Price 1977, Draper and Smith 1981) . Model Validation. A validation study was performed to test the applicability of the yield loss model. Three insecticide trials, which were not included in the regression analysis, were used. Two of them were laid out as randomized complete-block designs. The 1st was conducted in 1983 in BouakB, in the savanna area (Fig. 1) . It included 11 treatments replicated 5 times: a control (without any insecticide treatment), 8 treatments that consisted of application of pyrethroids (mainly deltamethrin) at different dosages and timing, 1 treatment with application of carbofuran, and 1 treatment with application of Bacillus thuringiensis Berliner. The 2nd was conducted in 1987 in Gagnoa, in the forest area (Fig. l) , and included 4 treatments replicated 8 times: a control and 3 treatments that consisted of application of deltamethrin at different dosages and timing. In both trials the agronomic features (plot size, variety, fertilizers) were the same as in the trials used in the regression analysis. The 3rd trial, which was conducted in Bongouanouin 1988, was planted 2 wk after the experiment used in the regression analysis. It included 2 plots (each 25 m long and 30 m wide): a control, and a treated plot (application of deltamethrin 4 times during the growing cycle, every 20 d). Borer damage and populations were recorded in the same way as in the experiments used in the regression analysis. These trials were selected for the validation study to keep the same procedure as in the study of the relationship between borer density and yield (Moyall996). Indeed, in that case, the study regarded the influence of borers not only on yieId but also on yield components. Data on yield components were however not available for these 3 trials, which were then chosen to validate the yield loss model.
Results and Discussion
The experiments were conducted under high levels of natural infestation by borers in all localities but Man: The maximum percentage of tunneled internodes observed ranged from 28.8% in Guessabo to 76.2% in Béoumi, and the maximum percentage of dead-hearts from 7.7% in Béoumi to 32.3% in Bongouanou. In Man, no dead-hearts were observed and the percentage of tunneled internodes was only up to 6.6%. Damage were caused by E. saccharins only in Béoumi and Man, and by both species E. saccharìna and B. j k c a in the other sites. In Béoumi, attacks by E. saccharins commenced early (20 d after seedling emergence), in contrast with the other experiments where they started at the beginning of grain filling (SO-SO d after seedling emergence), which is usually when the infestation of this pest begins.
The effect of all the variables and factors was significant but not the one of the interactions between variables and factors ( Table 1 ). The fitted model is presented in Table 2 . Dead-hearts were the main cause of crop losses, which agrees with the results of the study of the relationship between borer numbers and crop loss (Moyall996). This study showed indeed that the main crop losses were caused by early attacks of B. jkca, which result in dead-hearts. Early attacks by E. saccharina, as observed in Béoumi, produce few dead-hearts, because this species usually enters the stem in the lower intemodes (Moyal1995b). B. f i c a larvae, in contrast, feed on the leaves of the whorl during the first 4 instars and then enter the stem (Van Rensburg et al. 1987) where they feed in the upper part. This often results when attacks occur early in injury to the growing point, producing dead-hearts.
Because crops suffered no water stress in the experiments, the location and block effects resulted primarily from differences in soil potential. Thus, potential yields are low in 3 localities, Guessabo (3,170 kg/ha), Gohitafla (3,150 kg/ha), and Béoumi (3,000 kg/ha) and high in the other 2, Bongouanou (4,270 kgl ha) and Man (4,670 kglha). Usually, savanna soils have lower potentials than forest ones. The case of Guessabo, a forest locality, is rather peculiar, because the land had just been reclaimed from aforest. The models forthe first 3 localities enable prediction of yield in savannah localities, whereas the latter 2 can be used for prediction in forest localities.
The validation study (Table 3) was performed using the model fitted for Guessabo to predict yield in Bouaké, which is a savanna locality where potential yields are low. The model fitted for Man was used to predict yield in Gagnoa, aforest locality and the model fitted for Bongouanou was used to predict yield in this locality. One prediction per treatment was performed.
A confidence interval for the observed yield is presented for Bouaké and Gagnoa because there were replications in the experiments. Both B. &isca and E. sacchurina were present in Gagnoa and Bongouanou and the latter species only was found in Bouaké. In Gagnoa, all the observed yields fell within the prediction intervals. In Bouaké, where the variation within treatments was higher than in Gagnoa, 9 observed yields out of 11 lie within the prediction intervals. In Bongouanou, the predicted yield of the plot sprayed with insecticides (the less damaged) is underesti- If this datum, which can be considered as an outlier caused by an unusual high soil potential, is removed, then the slope is much close to 1.0 (slope = 1.11, P = 0.17).
When we compare the precision of the prediction from this model based on damage (Table 2) to that of the model based on borer numbers (Moyal1996), it appears that the damage model is alittle more accurate than the borer model: confidence intervals fall within k7.0 and k11.7% versus k10.9 and *14.5%, respectively. This may be due to the fact that only the old instars of 2 borer species were significant in the boreryield relationship study, although some other borers or instars, present but not at a high density, caused injuries that were taken into account in the damage model. The latter model is then more accurate for a prediction of yield after the damage has occurred, whereas the borer model has to be used to predict the crop loss before damage has occurred and to determine if control measures are needed.
